ABSTRACT Magnetic flux ropes (MFRs) are believed to be at the heart of solar coronal mass ejections (CMEs). A well-known example is the prominence cavity in the low corona that sometimes makes up a threepart white-light (WL) CME upon its eruption. Such a system, which is usually observed in quiet-Sun regions, has long been suggested to be the manifestation of an MFR with relatively cool filament material collecting near its bottom. However, observational evidence of eruptive, filament-hosting MFR systems has been elusive for those originating in active regions. By utilizing multi-passband extremeultra-violet (EUV) observations from Solar Dynamics Observatory/Atmospheric Imaging Assembly, we present direct evidence of an eruptive MFR in the low corona that exhibits a hot envelope and a cooler core; the latter is likely the upper part of a filament that undergoes a partial eruption, which is later observed in the upper corona as the coiled kernel of a fast, WL CME. This MFR-like structure exists more than 1 hr prior to its eruption, and displays successive stages of dynamical evolution, in which both ideal and non-ideal physical processes may be involved. The timing of the MFR kinematics is found to be well correlated with the energy release of the associated long-duration C1.9 flare. We suggest that the long-duration flare is the result of prolonged energy release associated with the vertical current sheet induced by the erupting MFR.
1. INTRODUCTION Coronal mass ejections (CMEs), typically defined in terms of white-light (WL) solar coronagraphic observations, are the expulsion of coronal plasma and magnetic fields from the lower solar corona into the heliosphere. It has been generally accepted that CMEs are driven by eruptive magnetic flux ropes (MFRs). A typical WL CME often shows a three-part structure, which consists of a leading front, a dark cavity, and a bright core (Illing & Hundhausen 1985) . The leading front is interpreted as compressed coronal plasma ahead of a voluminous MFR, the upper portion of which manifests as the dark cavity (e.g., Low 2001) . The bright core embedded near the bottom of the cavity is often identified as an eruptive prominence (Illing & Hundhausen 1986) .
Similar three-part structures, termed "prominence cavities", have been observed to exist in the low quiet-Sun (QS) corona for an extended period of time before they erupt bodily as CMEs . When viewed at the limb, they appear in WL or EUV images as dark, elliptical structures sometimes hosting a prominence near its bottom. Their disk counterparts are believed to be "filament channels" (we will use "prominence" and "filament" interchangeably in this paper). Both the prominences and the surrounding cavities have been reported to show evidence of helical features, and are believed to share the same magnetic structure as the three-part CMEs: a twisted MFR seen edge on (e.g., Gibson & Fan 2006a; Dove et al. 2011 , and references therein). In particular, the concave-upward bottoms of the MFR field lines provide natural support for the dense prominence material, and the upper, density depleted part of the MFR is manifested as the cavity (Gibson & Low 2000; Gibson & Fan 2006a; Fuller et al. 2008; Vásquez et al. 2009; Gibson et al. 2010) .
Both the prominences and the surrounding cavities show dynamic behavior, even for non-erupting ones (e.g., Zirker et al. 1998; Kucera et al. 2003; Wang & Stenborg 2010; Bak-Stȩślicka et al. 2013) . Recently, flows linking prominences and cavities have been reported, which exhibit themselves as horn-like or swirling features (e.g., Li et al. 2012; Schmit & Gibson 2013) . They suggest that the prominence and its surrounding cavity is an integrated system in which continuous mass exchange may occur between the two.
Significant progress in understanding the prominence cavities has been achieved for those in QS regions. Yet observational evidence of such systems remains elusive for those originating in active regions (ARs). This may be attributed to observational difficulties caused by the small spatial and fast dynamical scales of the eruptive MFRs, as well as the complex magnetic field configuration and intense plasma heating in ARs (Patsourakos et al. 2013) . Therefore, high-cadence and high-resolution observations sensitive to a wide range of plasma temperatures are necessary to capture the dynamics of fastevolving MFRs in ARs, which have not been readily available until the launch of the Atmospheric Imaging Assembly (AIA; Lemen et al. 2012 ) aboard the Solar Dynamics Observatory (SDO). With the SDO/AIA observations, a new class of phenomena-hot blobs or "channels", depending on the viewing geometry-has been identified as a direct manifestation of MFRs as precursors to fast CMEs originating from ARs (Zhang et al. 2012; Cheng et al. 2013 Cheng et al. , 2014a Li & Zhang 2013; Patsourakos et al. 2013 ). These eruptive MFR-like hot structures are sometimes enclosed in an expanding dark cavity, or "bubble", interpreted to be the main body of the MFR (Cheng et al. 2011 (Cheng et al. , 2013 Zhang et al. 2012) .
Most of the reported MFR-like hot structures in ARs are only visible in hot AIA channels (i.e., 131 and/or 94Å, which are sensitive to >6 MK plasma), implying the presence of strong plasma heating. It is suggested that the hot structures are likely heated by magnetic energy release in a current sheet or more generally, a quasi-separatrix layer (QSL) in or around the MFR (e.g., Tripathi et al. 2013; Patsourakos et al. 2013; Song et al. 2014) . A similar mechanism is also considered to be the cause of the hot X-ray sheath in QS prominence cavities (Fan & Gibson 2006; Fan 2012) . However, there has been little direct observational evidence presented of such an MFR-like hot structure that hosts a cooler prominence near its bottom, as an analogue of the QS cavities, in which a prominence is sometimes seen to be located immediately below a hot, X-ray bright sheath inside the cavity (Hudson et al. 1999; Reeves et al. 2012) . We note, however, the recent report by Cheng et al. (2014b) that investigates the relationship between a hot channel and the associated prominence material for a "failed eruption" event; i.e., no CME was produced.
Another outstanding question about CMEs is whether they are driven by a pre-existing MFR through ideal processes, such as loss of equilibrium or magnetohydrodynamic (MHD) instabilities, or by non-ideal (resistive) processes, i.e., magnetic reconnections, which either lead to expulsion of the pre-existing MFR or to the formation of an MFR on-the-fly during the eruption (see, e.g., Schmieder et al. 2013 and references therein). An alternative that is intermediate to these two scenarios is the "partial eruption" model of an MFR, which was first described by Gilbert et al. (2000) and further developed by Gibson & Fan (2006b) using MHD simulations. This model invokes both ideal and non-ideal processes in driving the eruption of an MFR: A twisted MFR exists prior to the onset of the CME, which is brought to eruption by an ideal MHD instability. The fast eruption causes the MFR to break into separate parts owing to magnetic reconnection, which may serve as a further driver of the eruption (see the illustration in Gilbert et al. 2001) . Observational evidence supporting the partial eruption scenario has been reported for several CME events associated with filament eruptions, demonstrating it as a viable means of understanding MFR/CME dynamics for some events (e.g., Liu et al. 2007 Liu et al. , 2012 Tripathi et al. 2009 Tripathi et al. , 2013 .
In the present paper, using SDO/AIA observations, we report direct evidence of a pre-existing, filament-hosting MFR-like structure in the low AR corona which erupts and results in a fast CME and long-duration flare. We adopt a differential emission measure (DEM) analysis method and confirm that the structure consists of a hot envelope and a cooler, filament-like core embedded near its bottom. We then demonstrate that a sudden magnetic reconnection involved in a partial eruption may have facilitated the expulsion of the MFR-like structure into the upper corona. The relevant observations and data analysis are presented in Section 2. In Section 3, we briefly summarize the observations and discuss the physical processes involved in the MFR eruption and flare energy release. We then conclude in Section 4.
This paper provides the physical framework for followup studies of decimetric radio bursts observed in the same event by the Karl G. Jansky Very Large Array (VLA). In particular, this paper sets the stage for detailed analyses of dynamic imaging spectroscopic observations of a variety of decimetric bursts during the energy release phase of this event.
2. OBSERVATIONS AND ANALYSIS 2.1. Instrumentation and Data The event under study occurred on 2012 March 3 in NOAA AR 11429 on the northeast solar limb. It produced a fast CME and a long-duration soft X-ray (SXR) flare (GOES class C1.9) lasting for more than 8 hr.
Our primary data source is the SDO/AIA, which observes the full solar disk up to 1.3 R , with a 0 .6 pixel size and a 12 s cadence in multiple UV/EUV passbands. In this paper, we use all seven of the EUV passbands, i.e., 304, 171, 193, 211, 335, 94 , and 131Å, which are sensitive to a wide range of temperatures, from ∼0.05 MK to ∼11 MK (see O'Dwyer et al. 2010 for details) .
At the time of the present event, one of the two Solar Terrestrial Relations Observatory (STEREO-B ) satellites that trails the Earth's orbit (STEREO-B ) was separated by 118
• from the Earth. The location of allows the same event seen by SDO at the east limb to be viewed from another vantage point, from which the AR is located at ∼45
• west of the central meridian, providing a view of the AR against the disk, and a view of the eruption near the limb. Together with the AIA observations, the EUV observations by the Extreme Ultraviolet Imager (EUVI; Wuelser et al. 2004 ) aboard STEREO (covering 0-1.7 R ) are used to infer the three-dimensional (3D) context of the AR and the eruption. WL observations from the inner coronagraph COR1 (Thompson et al. 2003) aboard STEREO (covering 1.5-4 R ) are used to track the CME in the high corona.
The event was also well-observed by a suite of instruments operating at different wavelengths, including the Reuven Ramaty High Energy Solar Spectroscopic Imager (RHESSI ; Lin et al. 2002) , GOES, the Solar and Heliospheric Observatory (SOHO), Hinode, WIND/WAVES, the Radio Solar Telescope Network (RSTN ), and the VLA (Perley et al. 2011) . RHESSI observed several time intervals of this event (Figure 1(A) ), which offer X-ray imaging and spectroscopy above 3 keV, providing information on thermal plasma heated to more than ∼8 MK and non-thermal electrons accelerated to energies above ∼10 keV. The VLA observed the event from 17:53:23 to 21:44:54 UT with high temporal and spectral resolution (50 ms and 1 MHz) from 1 to 2 GHz. RSTN obtained flux density measurements at eight discrete radio frequencies from 245 MHz to 15.4 GHz. WIND/WAVES and STEREO/WAVES provided dynamic spectral observation of low frequency radio emission from 0.02 to 13.825 MHz and 0.01 to 16.075 MHz. As noted in the introduction, detailed studies of the radio observations and their analysis will be presented in separate publications. Figure 1 shows the time history of this event. The GOES 1-8Å SXR flux has an initial rise from the B2.6 level at 16:42 UT to the B5.3 level at 17:05 UT, and then shows a gradual rise until ∼17:42 UT, when it increases more rapidly to a short-duration C1.2 peak at 18:03 UT. The SXR flux then declines and resumes its gradual rise until more than 1 hr later at ∼19:33 UT when it reaches the maximum SXR level of C1.9. The SXR light curve then shows a slow, several-hour-long decay. Note there is a gap in the GOES data between 18:40 and 19:17 UT.
Overview of the Event
RHESSI only detects X-ray emission at energies below ∼25 keV, indicating that the production of high-energy particles is relatively insignificant. RHESSI did not observe the C1.2 SXR peak but it captures the main rise phase of the gradual C1.9 flare. The RHESSI light curves of the C1.9 flare are relatively smooth with no sign of an impulsive hard X-ray (HXR) peak, although the RSTN microwave light curve at 4.995 GHz (λ ≈ 6 cm) shows a peak during the gradual SXR rise, with a maximum of 35 solar flux units (sfu) at 18:39 UT. Consistent with the absence of HXR emission >25 keV, no microwave emission is detected in the RSTN data at frequencies of 8.8 GHz and higher. In comparison, the RSTN light curves in the decimeter wavelength range (2.695 GHz and below) display multiple impulsive peaks. In the VLA dynamic spectrum at 1-2 GHz, these impulsive peaks appear as multitudes of quasi-periodic, short-duration bursts with complex sub-structures. The radio flux density reaches 800 sfu at 1.415 GHz at ∼18:41 UT. This event is also associated with a group of interplanetary (IP) type III radio bursts that began at 18:22 UT and coincided with the microwave and decimetric emission. Both the decimetric bursts and the IP type III radio bursts imply the production of non-thermal electrons during the C1.9 flare rise phase.
The associated fast CME (>1000 km s −1 ) first appears in the STEREO/COR1 field of view (FOV) at 18:31 UT and in the Large Angle Spectrometric Coronagraph (LASCO; aboard the SOHO satellite) FOV at 18:48 UT. The inferred CME onset time obtained by extrapolating the quadratic fit of the CME height as a function of time back to the solar surface is ∼18:20 UT (see the LASCO CME catalog at http://cdaw.gsfc.nasa.gov/ CME_list/), which coincides with the IP type III burst onset time.
To guide the following discussion we define four chronologically ordered phases according to the flare/CME evolution (demarcated by the vertical dashed lines in Figure  1 ). They are: (1) the initial rise phase (16:42-17:42 UT), for the interval from the event onset to the beginning of the C1.9 gradual flare, (2) the partial eruption phase (17:42-18:20 UT), during which the impulsive C1.2 SXR peak occurs, (3) the energy release phase (18:20-19:33 UT), covering the main rise of the C1.9 gradual flare until the SXR maximum, and (4) the decay phase (19:33 UT and after). We will focus primarily on the first three phases because they involve the most dynamical processes of the eruptive MFR and the flare energy release.
Initial Rise
The event onset is characterized by the appearance of a hot blob-like structure in AR 11429 above the northeast limb observed by AIA (marked as "SB" in Figure  2 ). The blob is seen only in the hot AIA 94 and 131Å passbands in emission (peak temperature response is 7.1 MK and 11 MK respectively; Figure 2 , Columns 3-5). At the same time, hot cusp-shaped loops, again only visible in the hot AIA passbands, are formed underneath the blob. The RHESSI X-ray light curve shows several impulsive peaks. Imaging and spectroscopy indicate that they are produced by a footpoint source with a rather soft non-thermal component (c.f. Figure 1(D) ). A more persistent thermal coronal X-ray source is also present, which is co-spatial with the EUV cusp loops with an inferred temperature of ∼8-10 MK (rows 2 and 3 of Figure  2 ).
The blob-like structure remains quasi-stationary in height and disappears in the AIA 94Å image after ∼17:50 UT. No WL CME occurs during this phase, resembling features of a "failed eruption" (e.g., Patsourakos et al. 2013) . Another hot structure becomes visible in the AIA 94Å image beginning at ∼17:00 UT to the north of the previous blob (denoted as "NB" in Figure 2 , Column 4). This hot structure has a loop-like shape, which is referred to in the literature as a "hot channel" (e.g., Zhang et al. 2012) . Unlike the quasistationary southern blob, this structure maintains a slow, rising motion and at the same time displays a transition from a "Λ"-shaped pattern, to a structure showing a closed loop above crossed legs, or an "inverted-γ" pattern ( Figure 2 , Column 4; see also the online animation). Such a morphological evolution is characteristic of kinking of a twisted MFR-the twist is converted to writhe about its main axis (e.g., Török & Kliem 2005) . As viewed from AIA, the leg connecting to the northern footpoint with positive polarity (referred to as the "northern leg" hereafter) is located behind the one connecting to the southern footpoint with negative polarity ("southern leg"), indicating a left-handed writhe of the helical structure (best seen in Figure 3 , Column 3, rows 1-2). No counterpart of this helical structure can be found in cooler AIA passbands than 94Å, until ∼17:22 UT when a similar feature becomes visible in the AIA 335Å image.
As viewed by STEREO-B /EUVI at 284Å (the peak temperature response is ∼2 MK, similar to AIA 335Å), the event onset appears as a rising and expanding cavity ( Figure 2 , Column 2). A helical structure does not appear inside the cavity until ∼17:22 UT, coinciding in time with the AIA 335Å observation (Figure 2 , Columns 1 and 2, rows 5 and 6, indicated by red arrows). From EUVI-B's perspective, this structure has its northern leg in front of the southern leg, opposite to the AIA observation ( Figure 2 , Column 1). This is consistent with the same structure with left-handed writhe viewing from opposite sides by AIA and EUVI. We note that the early absence of the hot structure in EUVI image is likely due to the lack of a passband that is sensitive to high temperatures (as 131 and 94Å on AIA).
To better characterize the kinematics of the MFR-like structures, we construct "space-time" plots along two cuts in AIA image series ( Figure 4 ). Cuts 1 and 2 are positioned along the direction of the southern blob and northern helical structure, respectively (straight white lines in Figures 2 and 3) . Each cut has a width of 5 at the base, which increases linearly with heights corresponding to an angular expansion of 3
• . At any time and give position on the cuts, we average the pixels perpendicular to the cuts within the corresponding width and obtain an intensity value, which makes up a pixel on the space-time plots.
In Figure 4 (G), the southern blob is clearly seen as a nearly horizontal (stationary) feature with a gradual intensity evolution. The northern helical structure, in contrast, continuously moves to the upper-right direction, indicating a slow, rising motion from ∼17:00 UT, followed by a sudden eruption after ∼17:42 UT ( Figure  4(C) ). The eruption exits the AIA FOV at ∼18:30 UT and evolves coherently as a WL CME in the LASCO/C2 FOV (Figure 4(B) ). For the remainder of this section we will focus on the northern helical structure because of its major role in the present event. The height-time profile of the erupting helical structure can be conveniently obtained using the space-time plot, shown as the dotted lines in Figures 4(C)-(F) for its leading (top) and trailing (bottom) edges respectively. The measurements are made at 1-min intervals and are cross-checked against the intensity versus height profile at any instant. We assign a conservative error of 2 (three AIA pixels) to each measurement. The height-time measurements are smoothed in time before calculating their time derivative to obtain the velocity-time profiles (Figure 4(H) ). These Figure 2 . Initial rise phase of the event as seen by SDO/AIA and STEREO/EUVI-B. Columns 1 and 2 are EUVI-B 284Å total intensity and running-ratio image sequences (obtained by dividing an image frame by its previous neighbor). Columns 3 and 6 are AIA 94 and 171 A total intensity image sequences. Columns 4 and 5 are AIA 335 and 211Å base-ratio image sequences (obtained by dividing an image frame by a pre-event frame at 16:37 UT). Each row shows snapshots at about the same time. The quasi-stationary southern blob-like structure and the eruptive northern helical structure are marked as "SB" and "NB", respectively. Insets in Column 4 are enlargement of the area indicated by the dashed box in the second row, showing in detail the Λ-shape to inverted-γ-shape transition of the eruptive helical structure "NB". Red arrows mark the position of the cool core of the upper helical structure, and white arrows mark the low-lying filament ("LF"). Red contours in Columns 3-6 are the RHESSI 3-10 keV X-ray sources (contour levels: 30% and 80%). Red and black curves outline the kinking helical structure and the surrounding cavity, respectively. Animations of the corresponding EUVI-B and AIA observations are available online.
profiles show that the leading edge of the helical structure first rises slowly at ∼20 km s −1 until 17:42 UT, when the speed quickly increases to ∼100 km s −1 , whereas its trailing edge stays quasi-stationary and remains in close contact with the underlying cusp loops.
Another key feature is a low-lying filament that first appears at ∼17:22 UT, coinciding with the moment when the eruptive helical structure is first seen in AIA 335 A and EUVI-B 284Å images (labeled "LF" in Figure  2 ). It is visible across almost all EUVI-B and AIA passbands, illustrating its multi-thermal nature. Viewed from EUVI-B, this filament is nearly face-on with a semiround shape inclining towards the east. From AIA's perspective, the filament is viewed nearly end-on. The lowlying filament exhibits a reverse S-shape in AIA (best seen in Figure 5 (B)), suggestive of a left-handed writhe (Török et al. 2010) , the same as the eruptive helical structure. The nature of the filament as a twisted MFR is further supported by the continuous helical motion of its many thin threads (see the online animation accompanying Figure 5 ).
Partial Eruption
The system enters a new phase at ∼17:42 UT, when the previously slowly-rising helical structure starts to ascend quickly. Starting from ∼17:55 UT the structure also becomes visible in cooler AIA bands (211 and 193 A) . Although the structure shares the similar inverted-γ pattern across different passbands, at any given instant, the apex of the helical structure decreases in altitude in AIA passbands with descending temperature response (Figure 3 , which shows co-temporal snapshot images of AIA 94, 335, 211, and 171Å from left to right). The hot AIA 94Å band (7.1 MK) displays a rather sharp edge of the outer "envelope", while the warm AIA 335Å band (2.8 MK) shows diffuse emission filling the 94Å enve- Figure 3 . Eruption of the helical structure observed by SDO/AIA and STEREO/EUVI-B. Columns 1 and 2 are EUVI-B 284Å total intensity and running-ratio image sequences. Columns 3-5 are AIA 94, 335, and 211Å base-ratio image sequences (reference frame is at 16:37 UT). Column 6 is AIA 171Å image sequence. Red contours in Columns 3-6 are the RHESSI 3-10 keV X-ray sources (contour levels: 30% and 80%). Plus symbol in the AIA images is the region used for the DEM analysis described in Section 2.4. The low-lying filament is shown by the white arrows. The cool core of the erupting helical structure is indicated by the red arrows in both EUVI-B and AIA images. Red, blue, and black curves outline respectively the erupting helical structure, the low-lying filament, and the surrounding cavity. Animations of the corresponding EUVI-B and AIA observations are available online.
lope and the cooler 211Å (2 MK) features a bright core located near the bottom of the helical structure. The 171Å image sequence, in contrast, shows a dark cavity surrounding the helical structure. This spatially distinct multi-thermal appearance of the helical structure is also well demonstrated by the composite-color spacetime plot in Figure 4(F) , in which the helical structure seen at 94, 335, and 211Å is colored from red to blue in descending temperature response.
In order to gain a more quantitative understanding of the multi-thermal structure, we employ the regularized inversion method developed by Hannah & Kontar (2012) to derive the time-dependent DEM distribution of a fixed region in the corona (5 × 5 box, marked in Figure 3 as a plus symbol) using the multi-passband AIA image sequences. The region is reached by the erupting helical structure at ∼17:44 UT and passed by after ∼18:23 UT, which corresponds to a horizontal line in the space-time plot of Figure 6 (A) at a fixed height of ∼180 Mm. As different parts of the helical structure reach the region, a time-series of DEM distribution dξ/dT (t) is obtained, where ξ is the emission measure defined as ξ = n 2 e h, n e is the plasma density, and h is the column depth. Note that these derived DEMs have contributions from all plasma along the line of sight (LOS).
Figure 6(D) shows an example of the derived DEMs for a time just prior to the encounter ("t 0 " in Figure 6(A) ). This DEM distribution, adopted as the background, has a major peak at ∼1.6 MK (log 10 T ≈ 6.2), which is likely contributed by the background AR coronal plasma along the LOS. Figures 6(E)-(I) shows examples of the derived DEMs (solid lines) for five other selected times during the encounter. All of them display an excess over the background DEM (shaded areas). We attribute the time-varying DEM excess to the net contribution from different spatial parts of the erupting helical structure.
The time-varying DEM excess shows a broad temperature distribution from 1.6 to 10 MK, implying a multithermal nature of the erupting helical structure. Yet it is evident that the DEM excess is weighted toward differ- ent temperatures at different times. To demonstrate this quantitatively, we obtain DEM-weighted values of temperature T (t) and DEM dξ/dT (t) for the time-varying DEM excess during the passage via
shown as the solid curves in Figure 6 (A). T decreases from ∼6 MK for the leading edge to ∼4 MK for the core, and increases back to ∼7 MK for the trailing edge, consistent with the red-blue-red color transition along the horizontal line in Figure 6 file dξ/dT shows the opposite: it increases from 6 × 10 18 cm −5 K −1 for the leading edge to 5 × 10 19 cm −5 K −1 for the core by about an order of magnitude, and decreases again when the trailing edge meets the sampled region. Assuming a single column depth h, the core is about a factor of 3 denser than the outer envelope. We emphasize that the values above are based on DEM-weighted and LOS-integrated quantities, and moreover, our DEM analysis does not extend to chromospheric temperatures. In fact, we do see a counterpart in the AIA 304Å image (peak temperature response is 50,000 K), which aligns well in position with the cool core, implying that the DEM of the core extends to chromospheric temperatures. Therefore, the above temperature and density contrasts derived above between the envelope and the core (∼1.5 and 3, respectively) should only be considered as lowerlimits.
The AIA 335 and 211Å running-ratio space-time plots (Figures 6(B) and (C)) show that the eruption consists of many spatially distinct, upward-propagating tracks, implying that it is made up of many nested "shells", each has a thickness of 5 (3.6 Mm). Evidence of nested, shell-like sub-structures have been observed in quiescent prominence cavities (Habbal et al. 2010; Régnier et al. 2011; Bak-Stȩślicka et al. 2013) , and are also distinguishable in the previously reported CME-associated eruptive "hot channels" (e.g., Cheng et al. 2014a ).
Starting from ∼17:50 UT, the EUVI 284Å image, in which both the low-temperature portion of the eruptive helical structure and the low-lying filament are readily visible, shows that the two quickly detach from each other ( Figure 3 , Column 2, rows 1-3; see also the accompanying online animation for a better representation). The core of the helical structure is then expelled toward higher altitudes and becomes the coiled kernel of the WL CME observed in COR1 (see next subsection). At about the same time, the low-lying filament shows a sudden draining of its material towards its two conjugate footpoints and then disappears (also evidenced by the downward-and upward-moving tracks in Figure 5(E) ). The draining motion of the filament material coincides very well in time with the rapid rise of the short-duration C1.2 SXR peak (Figures 5(E) and (F) ), suggesting the occurrence of a sudden magnetic reconnection.
The features presented above are consistent with the "partial eruption" scenario, in which an internal reconnection leads to bifurcation of an erupting MFR. Noting that the eruptive helical structure and the low-lying filament appear almost synchronously and share the same sense of writhe, we suggest that they represent different branches of the same MFR that formed earlier in this event. Their difference, i.e., the time-varying DEM excess (shaded area), is contributed by different spatial parts of the eruption when traversing the selected region, which is then used to obtain the DEM-weighted temperature (T (t)) and DEM (dξ/dT (t)), shown as the thick and thin solid curves in (A). They demonstrate that the eruption consists of a hot envelope with a relatively cooler and denser core embedded near its bottom.
Energy Release Phase
Immediately after the helical structure exits the EUVI-B FOV, from 18:31 UT, a bright front emerges in the COR1 FOV, followed by a coiled core embedded in a dark cavity, exhibiting a three-part WL CME (Figure 7) . The centroid location of the core of the helical structured and the coiled CME kernal can be connected smoothly and fit with a parabolic arc (Figure 7(F) ), suggesting that they are associated with the same eruption.
Using the fitted trajectory as a guide, we obtain the projected distance-time profile r(t) of the MFR from the low to high corona (Figure 8(A) , black symbols). We then apply a tie-point triangulation technique based on the simultaneous EUVI-B and AIA image pairs to derive a 3-D trajectory of the eruption, which is used to obtain the de-projected r(t) profile of the erupting MFR in the low corona viewed from STEREO-B (Figure 8(A) , red symbols). For the COR1 measurements in the high corona where no observation is available from another vantage point, we linearly extrapolate the projection angles outward to correct for the projection. We find that the projection effect is relatively small because the eruption propagates within a small angle away from the plane of sky as viewed from EUVI-B.
We then adopt the convenient functional form given by Sheeley et al. (2007) (see also Patsourakos et al. 2010 )
to fit the de-projected distance-time function r(t) (Figure 8(A) , solid curves). Here, v 0 and v f are the initial and terminal velocities, t p is the time corresponding to the peak acceleration, and τ is the time scale of the acceleration. This function is selected because it can reproduce the r(t) and velocity-time v(t) profiles ranging from nearly constant acceleration to impulsive acceleration, which have been previously demonstrated to resemble profiles obtained from CME observations and simulations very well (Patsourakos et al. 2010) . Then the velocity and acceleration time profiles v(t) and a(t) can be obtained by taking the first and second derivatives of the de-projected r(t) fit (Figure 8(B) ). Using this technique, we effectively circumvent the large and sometimes unacceptable uncertainties of the a(t) profile that result from taking the derivatives of r(t) directly.
The v(t) and a(t) profiles clearly display a slow rise after the cool component of the helical structure appears at 17:22 UT, followed by an acceleration occurring around 18:00 UT, coinciding with the time of the short-duration C1.2 SXR peak and the partial eruption. Then, the helical structure continues to accelerate as it leaves the EUVI Figure 7 . Composite of EUVI-B 171Å and COR1-B WL images showing the eruption of the filament-embedded-cavity from low to high corona, where it becomes a three-part WL CME with a coiled core, a cavity, and a leading front. Plus symbols in (A) and (B) and arrows in (C)-(E) mark the position of the erupting filament in the low corona, observed by EUVI-B 284Å as an inverted-γ-shaped feature, and in the upper corona, where it is manifested as the coiled core of the three-part CME. (F) shows examples of the measured centroid positions of the erupting filament from 18:16-19:01 UT (plus and circular symbols are for EUVI-B 284Å and COR1-B measurements respectively), colored in progressively later time from blue to red. The filament centroid positions can be well-fitted by a parabolic curve (dashed line), which is used as a guide to obtain the distance-time profile r(t) in Figure 8 (A).
FOV and becomes the WL CME core observed in COR1. The maximum acceleration is reached at ∼18:43 UT. After that, the acceleration starts to decrease and the CME core maintains a nearly constant velocity of ∼1300 km s −1 before it becomes too diffuse to be measured. The GOES 1-8Å SXR flux looks very similar to the velocity profile of the eruption. However, direct comparison between the GOES derivative and the acceleration profile is not possible because of the GOES data gap in 18:40-19:17 UT. We instead use the AIA 131Å light curve as a proxy of the GOES flux to obtain the temporal derivative. This works reasonably well because both are sensitive to plasma temperatures 10 MK (e.g., Woods et al. 2011; Su et al. 2012; Patsourakos et al. 2013) . Figures 8(B) and (C) show that the resulted AIA 131Å derivative is closely synchronized with the acceleration profile a(t) of the eruption, which conforms with the well-known synchronization between flare emissions and MFR/CME acceleration (e.g., Zhang et al. 2001) , both interpreted to be driven by magnetic reconnection.
As the temperature sensitivity progresses to cooler plasmas from AIA 131 to 171Å, the EUV light curves are sequentially delayed to later times (Figure 1(B) ). RHESSI X-ray flux shows a similar gradual rise but it peaks much earlier than the EUV curves (Figure 1(A) ).
In addition, the RSTN microwave emission at 4.995 GHz, presumably produced by gyrosynchrotron radiation from higher-energy non-thermal electrons, reaches the maximum intensity even earlier (at ∼18:39 UT). The extended rise and decay of the SXR light curve, together with the trend that their peaks appear sequentially in emissions characteristic of lower temperatures or electron energies, provides clear evidence of an extended heating associated with the rise phase of the gradual C1.9 event (see Su et al. 2012 for another example). The extended heating is also evidenced by the continuously rising plasma temperature derived from the GOES filter ratios (Figure 1(D) ).
The MFR expulsion and the gradual rise of the GOES /AIA 131 light curves also coincide in time with the onset of the IP type III burst at ∼18:22 UT; the latter is a strong indication of particle acceleration occurring in the "impulsive phase" of a flare (see Hudson 2011 for a review), here referred to as the "energy release" phase because the standard hallmark of the impulsive phase-the presence of impulsive HXR emission-is not detected. Furthermore, a non-thermal power-law component is found to persist in the X-ray spectrum above 10 keV, imaged to be a loop-top HXR source (not shown here), which serves as another signature of ongoing particle acceleration (see Krucker et al. 2008 for a review). Velocity-time (v(t) , red) and acceleration-time (a(t), blue) profiles derived from the first-and second-derivatives of the fitted, de-projected, r(t) curve. (C) GOES 1-8Å light curve (black solid line), AIA 131Å intensity integrated over the upper AR (which effectively removes the contribution of the impulsive C1.2 peak; red solid line), and its time derivative (blue dashed line).
3. DISCUSSION The timeline of the event is briefly summarized as follows:
1. Initial rise (16) (17) . A slow-rise, kinking helical structure appears in hot AIA passbands. Later, a low-lying filament appears when the helical structure also becomes visible in cooler AIA passbands, both of which have a left-handed writhe. Episodic X-ray footpoint emission occurs and hot cusp loops develop.
2. Partial eruption (17:42-18:20 UT). The helical structure starts to rise quickly. The apex of the same helical structure appears at decreasing heights in AIA passbands sensitive to lower temperatures. DEM analysis suggests that the helical structure consists of a hot envelope and a cooler core situated near its bottom. During the shortduration C1.2 peak, the helical structure quickly detaches from the low-lying filament. Meanwhile the low-lying filament material suddenly drains to the solar surface. Figure 9 . Schematic depiction of the proposed physical scenario in terms of the four phases: (A) initial rise phase, when a twisted MFR emerges into the corona. The thick red curve represents the observed helical structure, whereas the thin black oval denotes the MFR cross-section manifested as the surrounding cavity. The blue thick curve denotes the low-lying filament; (B) partial eruption phase, in which the helical structure evolves from an initial Λ-shape to an inverted-γ shape and starts its fast rise. It features a hot envelope (red and green) with a cool core (blue) embedded near the bottom. An internal reconnection (denoted as a red × symbol) occurs and causes the partial eruption; (C) energy release phase, in which the expelled helical structure induces a vertical current sheet in which prolonged magnetic reconnection occurs; and (D) decay phase, during which the eruption develops into a CME and post-flare loops appear.
Here we incorporate the observed phenomena and propose a physical scenario in terms of the MFR evolution and the associated flare emission. The major elements are depicted in sketches shown in Figure 9 organized by the four major chronological phases.
Initial rise. An MFR arises in the AR corona and appears as a hot helical structure. The exact mechanism of the MFR initialization, however, is beyond the scope of the current study. We refer to the review by Chen (2011) for further discussion of this point. The lower portion of the voluminous MFR, where relatively dense material collects, is manifested as the observed helical structure, while the upper, density-depleted portion of MFR appears as the dark cavity. The ascending MFR stretches the overlying envelope magnetic field lines and leads to the formation of the underlying cusp loops. Bursty magnetic reconnections can occur in a QSL in or around the MFR. The released magnetic energy may be the source of the episodic non-thermal X-ray spikes and heating of the helical structure, cusp loops, and the low-lying filament. The slow rising motion of the helical structure could be the result of ideal processes such as flux emergence and footpoint motions, or non-ideal processes, i.e., reconnections, which add flux and twist to the helical fields of the MFR.
Partial eruption. A helical kink instability may be triggered if the accumulated twist exceeds a critical value (Hood & Priest 1981) , causing the MFR to rise quickly. The observed morphological evolution and slow-to-fastrise transition are very similar to the simulation results in Fan (2005) based on a model of a kinked MFR. This points to an ideal process as the initial driver of the MFR fast rise. The erupting, helical branch of the MFR hosts a cooler and denser filament near its bottom; the latter is magnetically connected to another low-lying filament which may belong to the same MFR system. As the erupting filament-MFR system continues its fast rise, internal magnetic reconnection can occur, which causes the division of the helical structure and the low-lying filament. The reconnection results in expulsion of the helical structure, and at the same time, causes the lowlying filament material to lose magnetic support and drop back toward the solar surface. This sudden reconnection is also manifested as the short-duration C1.2 SXR peak occurring at the same moment.
Energy release phase. After the helical structure is expelled into the upper corona as a CME, the subsequent evolution is largely consistent with the standard CSHKP flare-CME model (Carmichael 1964; Sturrock 1966; Hirayama 1974; Kopp & Pneuman 1976) : the erupting MFR induces a vertical current sheet behind it in which magnetic reconnection occurs, resulting in the gradual C1.9 flare and the extended MFR acceleration. This is demonstrated by the close synchronization between the MFR acceleration and the AIA 131Å derivative (as a proxy of the thermal energy release rate). Such a correlation is well-known and has been considered as supporting evidence for the CSHKP model in which reconnection is the common mechanism driving the CMEs and the associated flares (e.g. Zhang et al. 2004; Vršnak et al. 2004; Qiu et al. 2004; Jing et al. 2005; Bein et al. 2012) . By using numerical modeling, Reeves (2006) shows that the Lorentz force from the current sheet and envelope fields can accelerate the MFR, while the Poynting flux in the current sheet gives rise to the flare energy release. Other phenomena observed during this phase, which suggest an extended period of particle acceleration and heating, can all be consequences of the prolonged magnetic reconnection.
Decay phase. As the reconnection proceeds to higher and higher altitudes following the eruption, previously heated loops cool due to conductive and radiative losses, while newly reconnected loops, some of which are observed as rapidly shrinking loops from the cusp tip, are heated by the gradually released magnetic energy. The post-flare loops that appear sequentially in cooler and cooler AIA passbands are also evidence of the extended cooling.
4. CONCLUDING REMARKS As noted in Section 2.1, the VLA observed this event at decimeter wavelengths from 17:53 UT to well past the SXR maximum. During the rise to maximumthe energy release phase-a rich variety of decimetric radio bursts was recorded with unprecedented spatial, spectral and temporal resolution over a wide frequency band. These observations allow each pixel in the radio dynamic spectrum to be imaged ("dynamic imaging spectroscopy"), enabling new radio diagnostics of magnetic energy release processes and the environment in which they occur. This paper provides the physical context and framework within which detailed analyses of the VLA data will be presented in future publications.
In this paper we report direct observational evidence of a filament-hosting, MFR-like helical structure in the low corona originating from an AR that leads to a fast CME and a long-duration flare. The structure features a hot envelope only visible in the AIA 131, 94 and 335Å passbands that are sensitive to high temperature plasma, along with a relatively cooler and denser core embedded near its bottom, seen by the cooler AIA 211, 193, 171, and 304Å passbands. DEM analysis based on the multipassband AIA EUV data confirms the existence of spatially distinct multi-thermal sub-structures, and reveals that the core is at least 1.5 times cooler and three times denser than the envelope. The MFR-like structure first emerges with a surrounding dark cavity in the low corona and later erupts into the upper corona as a three-part WL CME, with its cool core making up the coiled kernel of the CME. The structure shows a slow-to fast-rise transition prior to its eruption, and in the mean time, evolves from a Λ-shape to an inverted-γ shape, closely resembles the simulation results in Fan (2005) based on a model of an MFR erupting upon helical kink instability.
We conclude that the eruptive helical structure is the manifestation of the lower portion of a voluminous MFR where relatively dense material collects, while the upper, density-depleted portion of the MFR is seen as the surrounding dark cavity. The helical structure shows a closely synchronized evolution and the same sense of writhe as a lower-lying filament. We attribute the two features to be different branches of the same voluminous MFR, which later undergoes a partial eruption induced by a sudden internal magnetic reconnection. The helical structure is heated by magnetic energy release in a QSL in or around the MFR to high temperatures (>6 MK), in which a cooler filament-like core is embedded. This appears very similar to the hot, X-ray bright sheath observed in quiescent cavities which sometimes appears immediately above and around a prominence (Hudson et al. 1999; Reeves et al. 2012 ), yet the structure in our case is of course much smaller, hotter and more dynamic because it originates in an AR and leads to a fast CME. The partial eruption process culminates in the expulsion of the helical structure, draining of the low-lying filament material towards the solar surface, and the co-temporal impulsive C1.2 SXR peak. All the major elements of the partial eruption scenario as illustrated by Gilbert et al. (2000) and predicted by the numerical simulations in Gibson & Fan (2006b) , including the presence of a filament-hosting MFR, the slow-to-fast-rise transition of the kinking MFR, the sudden reconnection and MFR bifurcation, are observed in this single event thanks to the multi-passband AIA observations.
We also demonstrate that the MFR-like structure was present in the low AR corona for at least an hour before the onset of its eruption, suggesting that the eruption is initially driven by an ideal MHD process, likely a helical kink instability. However, we argue that the ideal MHD instability is not the sole mechanism driving the eruption, and that a non-ideal process, i.e., magnetic reconnection, also plays an important role in facilitating the MFR eruption. This is supported by the onset of the major acceleration phase of the MFR coinciding with the short-duration C1.2 SXR peak, and the extended acceleration period of the MFR/CME later in the energy release phase. The former corresponds to sudden reconnection due to the MFR bifurcation, and the latter is likely associated with the prolonged magnetic reconnection in the vertical current sheet behind the eruption.
Both hot MFR-like structures (blobs/hot channels) and cool filament-like structures originating from ARs have been frequently reported in association with CMEs and flares in the literature. Cheng et al. (2014b) recently explored the relationship between the hot channel and the associated filament, finding an evolution similar to that reported here, although the event in question was a "failed eruption" that did not produce a CME. The event described here simultaneously shows a hot MFR-like structure, enclosed by a dark cavity, and a relatively cool and dense filament embedded near its bottom. We are able to follow the entire evolution of the filament-MFR ensemble through a partial eruption and energy release associated with the ejection of a fast CME. We note that the spatially-distinct multi-thermal structure of the MFR presented here can only be detected upon careful examination of all the AIA passband images with full resolution. Even so, the fast temporal evolution of the eruption, the small spatial scale of the helical structure, and the low contrast of the hot component against the background make such structures easy to overlook. Therefore, it is likely that similar features may be present in other events but have not been recognized before. It is equally possible that some of the MFR-like structures may not host a filament even if the dipped fields of the MFR are capable of providing the necessary support. The latter is similar to the case of the filament channel, observed against the solar disk as a density-depleted region in which a filament may or may not exist (Martin 1998; Gibson & Fan 2006a ). In any case, whether it is merely a special case or a common phenomenon will motivate further investigation of more events like this one.
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